The views, opinions, and/or findings contained in this report are those of the author(s) and should not be construed as an official Department of the Army position, policy or decision, unless so designated by other documentation.
Destroy this report when no longer needed. Do not return it to the originator. Over this period, the field of analytical chemistry and, therefore, that of TNT has advanced from simple wet chemical to automated, computerized, and highly complex instrumental methods.
Because of this wide spectrum of advancements, the analytical chemistry of TNT will be formated according to the general categories of: In addition, in some cases one of the disciplines within a category will be interfaced with one of another category, e.g., mass spectrometry/gas chromatography (GC/MS).
In such cases the referenced analyses will be cited under one category and cross-referenced under the other.
Wet Chemical Methods
The qualitative analysis of explosive mixtures containing TNT entails laborious and time consuming procedures predicated on specific knowledge of solubilities, melting points, densities, and refractive indices.
Procedures for the determination of these constants (ref 1 Wet chemical methods of analyses of formulations containing TNT, as cited above, usually involve the application of preferential dissolution for resolving the mixture into its component parts (ref 5) .
Titrimetric methods for the quantitative determination of the resolved components are also presented (refs 6, 7, 8, 9, 10 A mixture of TNT, pentaerythritol tetranitrate (PETN), and wax was analyzed by solvent extractions followed by titrimetry using titanous sulfate (ref 15) .
The setting point of TNT determined by the inclusion of calcium chloride was found superior, requiring less time than the specification method (ref 16) .
A modified Fischer method as compared to the specification method was shown to quantify the water content more accurately (ref 17) .
The compositional analysis of a cast mixture of TNT/RDX/wax/barium stearate was performed by solvent extractions followed by gravimetry (ref 18) .
A titanous reduction method for the quantitative determination of TNT has been reported (ref 19 ) and a nonaqueous titrimetric method applied to a mixture consisting of TNT, NH^NOg and NaNO3 (ref 20) .
Results are presented of various spot tests on a select number of ions and organic compounds (including TNT) extracted from explosion debris (ref 21) .
Single component distributions in cast binary systems with a common TNT matrix were determined by a staining method (ref 22) .
Development of a detection spray reagent system for the detection of explosive residues (TNT) on the exterior of letter and package bombs is reported (ref 23) .
A spot test was used for TNT contamination in a powder containing NC, dinitrotoluene (DNT), and dibutyl phthalate (DBF) (ref 24) .
A detailed review of color reactions and related analytical procedures for the qualitative determination of TNT and formulations containing TNT is given in reference 25.
A compilation of analytical data on the more common explosives (TNT) dealing with some color reactions are also compiled (refs 26, 27 
Chromatography Gas Chromatography
Explosive detection is enhanced by preconcentration on a metal surface of available explosive vapor prior to its introduction into the GC detector.
Adsorption by a metal surface has the additional advantage of reduced water interference, easier thermal cycling, reduced memory effects, and greater durability Gas chromatography, in conjunction with thin layer chromatography (TLC), was used for the quantitative analysis of nitro aromatic compounds (TNT) in the micro-to pico-gram range using Ni-63 electron capture detector (refs 59, 60) .
Hoffsommer also developed a GC method for the detection of TNT together with RDX and tetryl in ppb to pp trillion in sea water (refs 61, 62) .
Isomer impurities of MNT, DNT, and TNT in alpha-TNT were resolved and quantified by GC (refs 63, 64, 65, 66, 67, 68) .
A GC procedure using a flame ionization detector was developed to control product quality and study variables in the continuous TNT process (ref 69) .
Products of biodegradation of TNT in a matrix of TNT were analyzed by GC using a glass column packed with Dexsil 300 on chromosorb W.
(
ref 70).
After an explosion, the base charge residue containing TNT extracted with acetone from a blasting cap was determined by GC with a Ni-63 electron capture detector (ref 71) .
A mixture of TNT and 1,3-dinitrobenzene was resolved and quantified by GC (ref 72 Red water produced by the sellite purification of crude TNT was analyzed by GC/MS for potentially useful organic compounds, 2,4-dinitrotoluene, 3-and 4-sulfonic acids (ref 84) .
Various reports were surveyed to determine which methods, including GC/MS, are potential candidates for detection of traces of TNT vapors emitted from land mines; factors influencing transportability of TNT vapors through soil to soil/air interface are discussed (ref 85) . Impurities contained in TNT were analyzed by a GC equipped with a FI detector and Interfaced with a MS; spectra were recorded on photoplates and processed by a computer system (ref 86) . A GC method was studied for the detection and Identification of post-explosion gas phase residues (ref 87).
Gas chromatography was used to support work on enzymatic action on TNT to produce photons at 492 nm detected photometrically at the pp trillion level (ref 88) .
Wastewaters from the Army manufacture of TNT were characterized by GC/TLC and found to contain more than 40 organic compounds derived from TNT and its isomers (ref 89
Micro quantities of TNT impurity in DNT were determined with fine-grained (2.5-10y) silica gel on microplates (ref 92) .
The TLC separations of all major Impurities formed during the purification step (ref 93) , and from various steps of the continuous TNT process are reported (ref 94) .
Development of thin-layer chromatograms of impurities in TNT was achieved by direct incorporation of a zinc reductor in the thin-layer material (ref 95) .
Organic explosive residues, e.g., TNT, were detected by TLC utilizing a combination of Rf values and color development (ref 96) .
High explosives having the same Rf values on thin-layer chromatograms and difficult to separate were readily resolved as their colored complexes with aromatic amines (ref 97) .
The identity of 21 compounds, including nitrotoluenes, was achieved by TLC using 6 solvents with 4 spray reagents (ref 98) .
Traces of TNT and other explosives adhering to surrounding objects after an explosion can be detected and identified by TLC in combination with initial UV, followed by chemical visualization (ref 99) .
A quantitative method of analysis of polynitroaromatics (TNT and its isomers included) in complex mixtures by combination of TLC with visible spectrophotometry is described (ref 100).
A short column containing porous polymer beads was used to collect explosive vapors of TNT, followed by TLC analysis of post-explosion debris (ref 101).
A TLC/GC procedure was developed for determining TNT and other explosives in ocean floor sediment (ref 60).
A TLC method is employed for the detection and identification of post-explosion solid residues (refs 42, 90) .
Thin layer chromatography was used together with GC and high performance liquid chromatography (HPLC) to support work on enzymatic action on TNT (ref 88) .
Wastewaters from Army manufacture of TNT were characterized by TLC/GC (ref 89) .
The more advanced aspects of TLC, such as high performance 5 micron size, C18 silica gel with UV-fluorescence indicator, was used for the detection of explosive residues (ref 79).
Data on TLC and color reactions of TNT in mixtures are furnished (ref 7).
Purification by-products in the manufacture of TNT by the continuous process were identified by TLC in conjunction with infrared (IR) and nuclear magnetic resonance (NMR) (ref 102).
High Performance Liquid Chromatography
The analysis of TNT in wastewaters is made simple and direct by liquid chromatography (LC) using a UV detector at 220 ran (refs 103, 104) .
A LC method suitable for the low level determination of tetryl in the presence of TNT, RDX, and HMX is described With increasing NaOH concentration, the absorption maximum of TNT exhibits a bathochromic shift (ref 76) .
A prototype of on-stream UV analyzer in real time is described (ref 78) .
A review of the state-of-development of instrumental methods including spectroscopic procedures is presented (ref 112).
The UV, together with spectrometric methods, were applied for the characterization of TNT interaction with the surface of carbon (ref 114) .
A fluorescent-dyed quarternary ammonium ion exchange resin was irradiated with UV light and the fluorescent output was monitored by a photomultiplier.
In this manner, TNT was detected in wastewater at the 70 ppb level (refs 115, 116 
Trinitrotoluene vapor in air was determined by a colorimetric method involving a sodium sulfite-hydroxide color complex (ref 119).
A method is presented for the quantitative spectrophotometric analysis of polynitroaromatics as the IR "Meisenheimer" complexes in ethylenediamine dlmethylsulfoxide solutions (ref 120) .
Detection by formation of colored reaction complexes determined by wavelength absorbances and absorptivities of the reagent/explosive samples are described (refs 121, 23) . A semi-quantitative colorimetric determination is reported of TNT in the presence of TNT and DNT isomers, and checked by GC analysis for the indirect estimation of the total isomer content in the crude TNT (ref 122) .
A colorimetric dual channel system was used to measure TNT among other explosives in wastewater effluents at army ammunition plants (AAP's); the determination of TNT is reported to be sensitive to the 1 ppm level (ref 123) .
The colorimetric method, as compared to GC, required less work, gave a position response for all TNT isomers, including degradation products, and was more suitable for routine surveillance (ref 77).
Infrared Spectrophotometry
Constituents, including TNT in various compositions, were detected and identified rapidly using IR (ref 124 ).
An IR method was developed for the estimation of a, 6, y-TNT and 2,4-DNT (ref 125) . A compilation of IR spectra is presented of ingredients of propellants and explosives; the IR spectra of the various isomers of TNT are included (ref 126) .
The isomers of MNT, DNT, as well as TNT, determined by IR have also been reported (refs 127, 128, 129) . 
Spect rometry Nuclear Magnetic Resonance
Radio frequency resonance absorption spectroscopy techniques involving NMR, electron spin resonance, and nuclear quadrupole resonance (NQR), were investigated for the detection of specific explosives, e.g., TNT hidden in airline luggage (ref 133) .
An^ NMR procedure was developed for determining low concentrations (0.1% to 1%) of unsymmetrical TNT isomers in crude and refined TNT (ref 134) .
Nonvolatile impurities in crude and refined TNT were characterized by NMR (ref 135) . The NQR was used for the determination of the chemical structure, crystalline states, and morphology of TNT (ref 136) .
The NMR was used, together with IR and TLC, for the identification of the purification by-products in the manufacture of TNT (ref 102) .
The NMR spectra of TNT are in the compilation of other spectral and chromatographic data of the more common explosives (ref 26) .
A review is presented of the state-ofdevelopment of instrumental methods, including NMR, for the analysis of TNT (ref 48).
X-Ray Spectroscopy
X-ray and calorimetric data show that structural changes can occur in TNT on heating and that different forms can be prepared by crystallization and sublimation (ref 38) .
Differences in the X-ray diffraction patterns of TNT were shown to be based on the method of The mass spectra of all possible TNT (except for 3,4,5-TNT) and DNT isomers in the vapor phase were obtained as a function of ionizing voltage (refs 141, 142) .
The use of membrane inlet systems for the separation of TNT vapor in trace vapor detection is described and an analysis of the membrane inlet system for quadrupole mass spectroscopy is presented (refs 143, 144) .
Estimations of the vapor pressure of TNT were made mass spectrometrically in the range of 50 o C-143°C by the Knudsen method, making possible the determination of concentrations of TNT in air as a contaminant (ref 145) .
The use of MS for the in situ detection of TNT in air was studied; the lower limit of detection is reported to be 5 X 10" ^ volume parts of TNT (ref 146) . Trace elemental impurity profiles of TNT from various AAP's were related to their source of origin using a double focusing spark source MS, complemented with atomic absorption spectrometry (refs 147, 79) . Mass spectrometry, together with electron spectroscopy (ESCA), was used for the characterization of TNT interaction with the surface of carbon (ref 114) .
A review of the mass spectrometric techniques for the analysis of explosives is presented by Yinon (ref 48) .
The MS spectra of TNT are included in the compilation of other spectral and chromatographic data of the more common explosives (ref 26) . In addition, the mass spectra of TNT have been reported by other investigators (refs 148, 149, 150) .
Mass Spectrometry Interface with Gas Chromatography
The pyrolysis products of explosives in tandem with GC/MS served as indirect identification of contaminant explosives in the environment.
The pyrolysis products generated, which are indicative of the parent molecule, are separated by GO and identified by MS (ref 80) .
Red water produced by the sellite purification of crude TNT was analyzed by GC/MS for potentially useful organic compounds, 2,4-DNT, 3-and 5-sulfonic acids (ref 84) .
The enhanced detection of TNT vapors was achieved by pre-concentration on a metal surface, and flash-desorbed onto a chromatograph interfaced with a quadrupole MS 
Negative-Ion Mass Spectrometry
The detection of TNT in trace vapor quantities was demonstrated by negative-ion mass spectrometry (NIMS) to be sensitive (1 ppm) and selective (refs 152, 153) .
The TNT was analyzed using an electron probe to produce a negative charge on TNT, followed by quadrupole MS with SFg as a diluent (ref 154).
Plasma Chromatography Mass Spectrometry
Due to the extremely electronegative character of nitroaromatics, e.g., TNT and its isomers, and their large cross section to charge-transfer and ion-molecule reactions, negative ion plasma chromatography MS has been found particularly suitable for their detection and identification (ref 155) .
The TNT was detected in air at 10 pp trillion (mol/mol) with plasma chromatography mass spectrometry (PCMS) as a function of carrier gas flow (refs 156, 157) .
The detection of TNT vapors with an ion mobility spectrometer, a type of PCMS, is described, together with other methods of detection (ref 158) .
The detection of TNT vapors by PCMS and EIMS have been evaluated and found to be limited by the lack of portability of TNT vapors through barrier materials (ref 159) . The PCMS was found to be Ideally suited for explosive vapor detection, operating at atmospheric pressure, and responding to nitrated compounds such as TNT and DNT (ref 160 The use of methane as a reagent gas generates a CI mass spectrum of TNT with a predominant M+ ion which facilitates identification (ref 163) .
The CIMS of TNT with hydrogen as reagent gas produces ions of low abundance from the ensuing ion-molecule reactions and, as such, confirm molecular weights (ref 164) . The CIMS fragmentation patterns of civilian and military explosives were shown to be sensitive to source temperature and pressure of reagent gas (ref 165) .
The NH reagent gas was used for the CIMS identification of explosive residues (ref 109) .
Components of technical grade mixtures of explosives were identified by field desorption MS via their intense molecular ions or protonated molecules and structurally significant fragmentations (ref 166) . Concentrations in air of various explosives, including TNT, were measured by means of isotope dilution using field ionization mass spectrometry to measure the relative abundance ratios (ref 167) .
